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Orthopoxvirus monkeypox (MPXV) forms two distinct clades: the MPXV Congo Basin clade viruses are
endemic in the Congo Basin, human illness typically presents with symptoms similar to discrete, ordinary
smallpox and has a case fatality rate of approximately 10% in unvaccinated populations; the MPXV West
African clade viruses have been isolated in West Africa and appear to cause a less severe, and less inter-
human transmissible disease. Recently, monkeypox outbreaks were reported in US and Sudan caused by
MPXV West African and Congo Basin strains respectively. These events demonstrated the ability and trend
onkeypox virus West African strain
onkeypox virus Congo Basin strain

eal-time PCR

of the virus to exploit new hosts and emerge globally; it also emphasizes the need for the diagnosis of
MPXV, especially the ability to distinguish between Congo Basin and West African monkeypox strains. In
this study, three new real-time PCR assays based on TaqMan probe technology were reported: the MPXV
West African specific, Congo Basin strain specific and MPXV generic assays. The new assays demonstrated
good specificity and sensitivity in the validation study with multiple platforms and various PCR reagent
kits, and will improve the rapid detection and differentiation of monkeypox infections from other rash
illness.
Monkeypox, a disease caused by the orthopoxvirus Monkey-
ox virus (MPXV), was discovered in 1958 from captive primate
ash specimens (Magnus et al., 1959). In 1970, MPXV was first
ecognized to cause human illness in Africa during intensification
f the smallpox eradication campaign (Ladnyi et al., 1972). The
enome sequence and clinic-epidemiologic comparisons of MPXV
solates show that MPXV forms two distinct clades: human Mon-
eypox from MPXV strain of Congo Basin typically presents with
ymptoms similar to discrete, ordinary smallpox. After about a
wo-week, asymptomatic incubation period, infected individuals
evelop fever followed by disseminated rash. Congo Basin mon-
eypox disease has clearly been demonstrated to be transmissible
etween humans and can result in death. The case fatality rate is

n average ∼10% in non-vaccinated individuals (Jezek and Fenner,
988). Today, monkeypox continue to be an endemic disease in
ongo Basin region and present as an important threat to pub-

ic health. There is limited reported human monkeypox disease in
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West Africa which overall, is comparably less severe and demon-
strates less human-to-human transmission than that from Congo
Basin.

Recently, human monkeypox has emerged in nontraditional
MPXV endemic areas. A MPXV West African strain caused the mon-
keypox outbreak in the U.S. in 2003; a broad range of species,
including humans (Hutson et al., 2007) were infected, and the
source of the outbreak was traced to the importation of MPXV
infected West African rodents (Reed et al., 2004). In 2005, a mon-
keypox outbreak was reported in southern Sudan, where disease
has never before been reported (Damon et al., 2006). DNA sequence
analysis suggested that this latter outbreak was caused by a MPXV
Congo Basin-like strain. The monkeypox outbreak in the US Mid-
west and Sudan demonstrated the ability of the virus to exploit
new hosts and move globally. In recent monkeypox outbreaks, real-
time PCR has become a critical tool to diagnose and monitor MPXV
infections/disease due to the advantages of fast, high-quantity
throughput and increased sensitivity of the assay format. Real-time
PCR assay has also been used to study the virus shedding and infec-
tion course in MPXV infected animal model studies. Several MPXV

generic real-time PCR assays (Li et al., 2006; Kulesh et al., 2004;
Olson et al., 2004) have been developed to differentiate monkey-
pox virus from other orthopoxviruses either directly or using with
melting curves to differentiate different orthopoxviruses after PCR
amplifications. DNA sequencing after a PCR amplification is needed
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Fig. 1. Alignment of primers and probes with orthopoxviral DNA.
The primers and probe for each of the real-time PCR assays are aligned with the targeted sequence of DNA within several orthopoxviral species. Virus strains: monkeypox West
African strains MPXV USA03, MPXV SLE; monkeypox Congo Basin strains MPXV-ZAI79, MPXV RCG03; variola major VARV BGD75, VARV CHN48; variola minor VARV BRA66;
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amelpox CMLV CMS, vaccinia VACV WR, VACV Acam2, VACV DUKE; cowpox CPXV
PXV G2R WA assay has three bases deletion comparing to that of Congo Basin stra

ot in the sequences alignments. (C) The MPXV generic assay primers and probe a
rimer sequence.

o differentiate MPXV West African and Congo Basin strains (Saijo
t al., 2008; Meyer et al., 1997).

In this report, two new real-time PCR assays which detect
pecifically MPXV Congo Basin strain and MPXV West African
trains, and a new MPXV generic assay which works on a broad
ange of real-time PCR platforms are described. The challenges
o develop robust clade-specific as well as generic MPXV specific
ssays are to find the differentiating target sequences. MPXV
ongo Basin and West African strains share 99% sequence identity
Likos et al., 2005). Other orthopoxviruses also share considerable
equence identity to MPXV (>90%) (Li et al., 2007) and further limit
he sequence availability for specific assay design. The selection of
he target sequences for these new assays focused on the terminal
egions which demonstrate greater sequence variations among
PXV isolates than that within the central region of the genome.

revious studies showed that the TNF receptor gene, located at
he terminal inverted repeat region (ITR), contains a large number

f single nucleotide polymorphism (SNPs) and insertion/deletions
Indels) between two clades of MPXV and among orthopoxviruses
Likos et al., 2005). An alignment of TNF receptor gene sequences
rom available orthopoxviruses was used for the selection of
rimers and probes. Using TaqMan technology, a MPXV West
PXV GER91; ectromelia Moscow ECTV MOS. (A) The probe sequence of West African
) The MPXV West African strain lost complement binding protein C3L gene and are
pletely homologous within the MPXV DNA sequence except one SNPs in forward

African specific assay (G2R WA) (Fig. 1A) and a new MPXV generic
real-time PCR assay (G2R G) (Fig. 1B) were developed within TNF
receptor gene. Previously, a MPXV generic B6R (MPXV envelope
protein gene) real-time PCR assay utilizing a beacon based probe
and the minor grove binding (MGB) based real-time PCR was
developed and has been used for the specific detection of MPXV
DNA during the 2003 US outbreak (Li et al., 2006). The limitation
for MPXV B6R assay is that its performance is related to the specific
real-time PCR platform; it performs optimally only in the iCycler
iQ (Bio-Rad, Hercules, CA) and SmartCycler (Cepheid, Sunnyvale,
CA) platform. In comparison, these TaqMan based real-time assays
performed equally well in all platforms evaluated and the manu-
facture of the primers and probes is easily accomplished. Multiple
MPXV specific assays, which span the genome, may be useful
to suggest the possibility of DNA recombination between MPXV
and other orthopoxviruses. Within the TNF receptor gene, MPXV
Congo Basin viruses do not present specific sequences that are long

enough to reach ideal probe annealing temperatures, and therefore
an alternative region was identified to design a Congo Basin strain
virus specific assay. A new target gene, the complement binding
protein (C3L) gene, was used for the design of MPXV Congo Basin
specific assay as all known MPXV West African strains delete
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Table 1
Validation of MPXV generic and specific assaysa.

Organism Sample ID MPXV real-time PCR assaysa

G2R G C3L G2R WA

Orthopoxvirus
Monkeypox virus ZAI79-005b 22.9 25.13 nd

ZAI81-167b 25.28 25.91 nd
ZAI82-167b 20.19 21.25 nd
ZAI83-36b 20.98 20.48 nd
ZAI77-I823b 24.42 24.2 nd
Cameron90b 21.56 20.41 nd
Gabon88b 28.01 30.23 nd
Sierra Leonec 20.96 nd 20.73
Côte d’Ivoirec 22.58 nd 23.15
Nigeria78c 21.49 nd 21.81
USA03c 28.19 nd 30.17

Variola virus CNG70 nd nd nd
Vaccinia virus WR nd nd nd
Camelpox virus CMS nd nd nd
Taterapox virus DAT68 nd nd nd
Cowpox virus BRT nd nd nd
Ectramelia virus MOS nd nd nd
Raccoonpox virus MD61 nd nd nd

Other rash illness or cellular DNA
Varicella OKa nd nd nd
HSV-1 HFEM nd nd nd
Human nd nd nd

MPXV infected animal model study
Swab from Congo Basin MPXV infected animals

25-4563 (lesion) 24.26 22.76 nd
25-4564 (liver) 31.22 31.46 nd
25-4566 (oral swab) 17.01 17.16 nd
30-4514 (skin) 23.33 22.64 nd
30-519 (lesion) 25.66 25.25 nd
30-4524 (liver) 21.9 22.4 nd
30-4539 (nasal swab) 24.54 23.99 nd
32-4535 (liver) 19.4 18.66 nd
32-4530 (lung) 28.04 28.75 nd
32-4540 (nasal swab) 18.85 17.79 nd

Swab from West Africa MPXV infected animals
07-7116 (skin) 37.54 nd 39.68
07-0440 (nasal swab) 38.72 nd 39.49
08-0117 (skin) 43.04 nd 43.14
08-7135 (lesion) 41.07 nd 42.48
08-0451 (nasal swab) 34.57 nd 34.81
09-7118 (skin) 28.99 nd 29.7
09-7190 (oral swab) 25.08 nd 25.87
09-0442 (nasal swab) 24.41 nd 24.51
14-7123 (skin) 32.19 nd 32.66
14-0447 (nasal swab) 28.62 nd 28.54

Human MPXV clinical samples
2003 US MPXV outbreak

US03 086 4542 35.26 nd 35.34
US03 086 4553 27.35 nd 28.05
US03 086 4563 39.5 nd 39.3

Africa MPXV outbreak
RCG03 358 4450 30.44 31.74 nd
RCG03 358 4451 17.09 17.41 nd
Sudan05 0016 24.06 25.41 nd
Sudan05 0017 26.74 27.4 nd

a The cycle when the fluorescence signal crossed the threshold (Ct) for each positive sample is shown. nd, not detected. Each reaction mixture contained 1× TaqMan
Universal PCR Master Mix (Applied Biosystems, Foster City, CA), 0.4 �mol/L each primer, 200 nmol/L TaqMan probe, and 2 �L of template DNA. Thermal cycling for the
A for M
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E

BI7900 was: one cycle 95 ◦C for 6 min; 45 cycles of 95 ◦C for 5 s, and 60 ◦C for 20 s
C3L) assay; one cycle 95 ◦C for 6 min; 45 cycles of 95 ◦C for 5 s, and 62 ◦C for 20 s fo

b MPXV Congo Basin strains, ZAI = Zaire.
c MPXV West African strains.

3L gene. The specificity of MPXV C3L assay was determined by

equences alignment between MPXV Congo Basin strains and
ther orthopoxviruses (Fig. 1C). The detection probe of all three
ssays contains a 5′ reporter molecule (FAM) (Glen Research, Ster-
ing, VA) and a 3′ quencher molecule (BHQ1) (Molecular Probes,
ugene, OR). MPXV West African specific (G2R WA) assay (Fig. 1A):
onkeypox virus generic (G2R G) assay and Monkeypox virus Congo Basin specific
keypox virus West African specific (G2R WA) assay.

forward primer (5′-CACACCGTCTCTTCCACAGA), reverse primer
′ ′
(5 -GATACAGGTTAATTTCCACATCG), probe sequence (5 FAM-

AACCCGTCGTAACCAGCAATACATTT-3′BHQ1). MPXV Congo Basin
specific (C3L) assay (Fig. 1B): forward primer (5′-TGTCTACCT-
GGATACAGAAAGCAA), reverse primer (5′-GGCATCTCCGTTTAAT-
ACATTGAT), probe sequence (5′FAM-CCCATATATGCTAAATGT-
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CCGGTACCGGA-3′BHQ1). MPXV generic (G2R G) assay (Fig. 1C):
orward primer (5′-GGAAAATGTAAAGACAACGAATACAG), reverse
rimer (5′-GCTATCACATAATCTGGAAGCGTA), probe sequence
5′FAM-AAGCCGTAATCTATGTTGTCTATCGTGTCC-3′BHQ1).

A panel of MPXV and other species of orthopoxvirus DNAs iso-
ated from infected cell culture were used for the validation of
he new MPXV real-time PCR assays: including 7 MPXV Congo
asin strains and 4 MPXV West African strains, and 6 strains of
ther known Eurasian orthopoxviruses and 1 strain of North Amer-
can orthopoxvirus (Table 1). Several types of samples from MPXV
nfected animal models, including liver and skin tissues, nasal and
ral swabs, lesions and human monkeypox clinical samples were
lso used for the validation of the robust, specificity and sensitivity
f the new assays. Origins, propagation, and harvesting procedures
or viruses are documented elsewhere (Li et al., 2006; Esposito and
night, 1985; Ropp et al., 1995). DNA extracted using the DNA was
xtracted from biopsy specimens with the Qiagen EZ1robot system
Qiagen, Valencia, CA), and stored at −20 ◦C.

All three new MPXV generic and specific assays did not
ross-react with variola, cowpox, camelpox, taterapox, ectramelia,
accinia and Raccoonpox virus DNA. The MPXV generic G2R G
ssay reproducibly amplified all 11 different monkeypox viral DNAs
Table 1) and the MPXV specific G2R WA and C3L assays repro-
ucibly identified 4 West African monkeypox DNA and 7 Congo
asin monkeypox DNAs respectively in the initial validation study.
he MPXV specific assays are especially useful in MPXV infected
nimal model study as infected animals may demonstrate unex-
ected symptoms and severity of diseases, the MPXV specific assays
ere used to confirm the initial viral challenge. All specimens from

arious animals infected with both MPXV Congo Basin and West
frican strains were specifically detected with respect to MPXV
pecific assays. Interestingly the samples from the animal mod-
ls infected with MPXV Congo Basin strain consistently have a
igher viral load (low Ct values) comparing to that of MPXV West
frican stains for the same types of samples as MPXV Congo Basin
train generally cause more severe disease in those animal mod-
ls (Hutson et al., 2009). Anonymized specimen remainders from
uman monkeypox clinical samples were also used for the valida-
ion of the new MPXV real-time PCR assays: including West African

PXV like samples from 2003 US monkeypox outbreak; the Congo
asin MPXV like samples from Sudan MPXV outbreak in 2005,
PXV outbreak in Republic of Congo (RCG) of 2003 and Demo-

ratic Republic of Congo (DRC) MPXV outbreak in 2008 (Table 1).
he MPXV G2R G assay, MPXV G2R WA and C3L specific assays are
ble to diagnose the corresponding MPXV West African and Congo
asin clinical samples specifically.

The efficiency of the new assays was measured by the triplicate
ssays of serially diluted DNA of purified and photometrically quan-
ified MPXV Congo Basin isolate MPXV79 0005 and MPXV West
frican isolate MPXV Sierra Leone. The reaction efficiency for MPXV
eneric G2R G assay, MPXV specific C3L assay, and MPXV specific
2R WA assay are 90%, 89% and 84% respectively (data not shown).
he higher efficiency of MPXV G2R assay (Table 1) manifests in
he generally lower Ct values of tested DNA samples compared
o that of the MPXV G2R WA and MPXV C3L assays. The probe
equence of MPXV G2R WA assay contains three nucleotide Indels
ot present in the MPXV Congo Basin strains, and the annealing
emperature of the MPXV G2R WA assay was raised to 62 ◦C in the
CR cycling condition to achieve specificity (Table 1). The other two
ew assays used a default annealing temperature of 60 ◦C in their
ycling conditions (Table 1). A higher annealing temperature for

PXV G2R WA assay may have reduced the assay’s efficiency. The
PXV genome contains two copies of G2R genes due to its loca-

ion at the ITR terminal regions, which may, in turn, enhance the
ensitivity of both the MPXV G2R G and G2R WA assays. The analyt-
cal sensitivity of the new assays were determined using purified,
ethods 169 (2010) 223–227

photometrically quantified MPXV Congo Basin and West African
strain DNA (Li et al., 2006). DNAs were diluted serially from 5 ng
to 0.05 fg. Probit regression analysis (SAS 9.2, SAS Institute, Cary,
NC) determined the detection limit of each assay with 95% confi-
dence: MPXV G2R G assay at 0.7 fg (∼3.5 genomes); MPXV G2R WA
at 1.7 fg (∼8.2 genome), and MPXV C3L at 9.46 fg (∼40.4 genomes).
The new assays were validated in multiple platforms: ABI PRISM
7900/7500 FAST (Applied Biosystems, Foster City, CA), and Smart
Cycler II system (Cepheid, Sunnyvale, CA) and with different real-
time PCR Master Mix (TaqMan Universal PCR Master Mix (Applied
Biosystems), qPCR SuperMix (Invitrogen, Carlsbad, CA) and Smart-
Mix HM in bead format (Cepheid)).

In summary, a new MPXV West African strain specific, a new
MPXV Congo Basin strain specific and a new MPXV generic real-
time PCR assays were developed and validated. The new assays
demonstrated the specificity and robustness for detection of MPXV
DNA and enhanced the tools to diagnose and monitor the monkey-
pox outbreak and MPXV infections. The new MPXV West African
specific and Congo Basin specific assays will be especially use-
ful in the monkeypox endemic regions in Africa to confirm and
differentiate monkeypox infections from other rash illness. Addi-
tionally, they can be of benefit for rapid detection and evaluation
of the extent of disease, in multiple species, including humans,
in the event of importations of disease causing outbreaks or
epidemics.
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